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ABSTRACT

Author: Ota, Akane. MS
Institution: Purdue University
Degree Received: August 2018
Title: Potential of Biochar to Mitigate the Effects of Increased Precipitation Variability on Soil
Greenhouse Gas Emissions and Soybean Growth
Major Professor: Jeffrey S. Dukes
Precipitation variability has been increasing due to climate change, characterized by more
frequent heavy rainfalls and more prolonged drought. The projected continuation of this trend in
precipitation will likely alter soil greenhouse gas (GHG) fluxes and reduce plant growth. These
impacts could be ameliorated by biochar addition in soil. Biochar has been shown to suppress soil
GHG fluxes by altering microbial activity or substrate availability, and enhance plant growth by
improving soil conditions. However, there have been no biochar studies to date under more
variable precipitation conditions. I studied the effects of biochar on soil GHG fluxes and soybean
(Glycine max (L.) Merr.) growth in the field under ambient and variable precipitation patterns
(repeated one-month droughts separated by heavy rain events), and also studied GHG emissions
in the laboratory of wetted field soils. Laboratory measurements of CO2 fluxes showed that biochar
decreased the cumulative fluxes from soils receiving the ambient precipitation, but increased them
from soils under the variable precipitation. The field experiment found the same trend. In the field
experiment, the variable precipitation treatment reduced cumulative CO2 fluxes by 29%, and
biochar lowered cumulative N2O fluxes by 111% across both precipitation treatments. In the
laboratory, the variable precipitation treatment decreased CH4 fluxes. The total CO2 equivalent
emissions showed the same trend as CO2 fluxes both in the field and laboratory, indicating that
biochar increased total GHG emissions under the variable precipitation pattern. The variable
precipitation treatment hastened the timing of seed formation; Dry soybean pods were 11% heavier
in the variable precipitation treatment at the premature stage, but by full maturity seeds in the
ambient precipitation treatment were 3% heavier. On average, biochar added 20 ± 9 more seeds to
every plant, and increased seed weight per plant by 19%. My results showed that biochar inhibited
CO2 and N2O fluxes and improved soybean yield in the ambient precipitation treatment. In the
variable precipitation treatment, biochar inhibited N2O fluxes and improved soybean growth, but
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increased CO2 fluxes. The results indicate that biochar may be a useful tool to suppress N2O fluxes
and increase soybean yield, but may increase CO2 fluxes under more variable precipitation patterns.
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CHAPTER 1.

INTRODUCTION

Rising atmospheric greenhouse gas (GHG) concentrations - carbon dioxide (CO2), nitrous
oxide (N2O), and methane (CH4) - are a result of human activities. GHGs trap heat and cause
global warming. Concurrently, the warming climate alters the cycling of water through the
atmosphere, and is projected to bring more extreme precipitation events such as heavy rain events
and drought to global ecosystems (Allan and Soden, 2008). Long-term climate predictions show
that the majority of the global surface will experience increased rain intensity and longer dry
periods (Collins et al., 2013). According to Collins et al. (2013), the annual maximum five-day
precipitation accumulation will increase by 5% to 20% relative to the current level, depending on
the Representative Concentration Pathways (RCPs). RCPs are a set of predicted future scenarios
based on different human activity levels (Riahi et al., 2011). Under RCP 8.5, the scenario with the
fastest growth in atmospheric GHG concentrations, which assumes rapid growth of economic
activity and no climate change mitigation policy, the entire global surface would receive increased
maximum five-day precipitation accumulation over the 2081-2100 period except some
Mediterranean regions (Collins et al., 2013; Riahi et al., 2011). In addition, consecutive dry days
will increase in the Mediterranean, the tropics and temperate regions by up to 30 days (Collins et
al., 2013). This increased precipitation variability, characterized by more frequent heavy rainfalls
and longer dry periods, could affect soil GHG exchanges at the soil surface and crop growth. Soil
GHG exchanges are the important factors to determine the speed of climate change, and crop
growth plays a crucial role in food production.
Among various human activities, the Agriculture, Forestry and Other Land Use (AFOLU)
sector contributes 24% of the global anthropogenic GHG emissions (IPCC, 2014). Most of these
emissions are related to enhanced GHG emissions from soil. Agricultural practices such as
nitrogen fertilization, tillage, and soil amendment increase the quantity of substrate to be
decomposed or encourage microbial activity, and result in higher GHG emissions from soil. The
dominant GHG, CO2, is generated in soil by microbial respiration by decomposing soil organic
carbon and plant root respiration. Due to the significant influence of CO2 on the terrestrial carbon
cycle, scientists have been working to quantify soil CO2 emissions not only from human managed
soils but also from soils in natural settings (Raich and Potter, 1995). In agricultural ecosystems,
cultivation promotes soil carbon loss. Therefore, research has focused on reducing tillage,
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introducing cover crops and utilizing crop residues in order to maximize soil capacity as a carbon
sink (Paustian et al., 1997).
N2O emissions have captured the most attention in agricultural research since nitrogen
fertilizer use and legume crops are a primary source of soil N2O emissions (Flessa et al., 2002;
Shah, 2014). A number of studies have found increased N2O emissions with various types of
fertilizer (Flessa et al., 2002; Meng et al., 2005). Bouwman (1996) estimated that global synthetic
fertilizer use accounts for 25% of the increase in N2O atmospheric concentration. Bouwman (1996)
also noted the potentially large contribution of legume cropping systems to increased N2O
emissions from biological nitrogen fixation over a large cropping area. Legumes do not always
require fertilizer, and thus have had less scientific attention than fertilizer-requiring crops in N2O
studies. However, some farmers apply nitrogen fertilizer to achieve maximum yields (Osborne and
Riedell, 2006), and legumes are often grown with fertilizer-requiring crops in rotation, for example
with corn in Midwestern United States (Al-Kaisi and Yin, 2004). In addition, in the US, 25% of
the major agricultural croplands are covered by soybeans (USDA, 2014).
Agricultural systems, especially rice fields concentrated in Asia, promote CH4 emissions.
Two groups of microbes regulate bi-directional CH4 fluxes at the soil surface – methanogens (CH4
producers) and methanotrophs (CH4 oxidizers). Flooded rice fields promote anaerobic
decomposition by methanogens in soil, increasing CH4 emissions. In non-flooded soils, CH4 is
both produced and consumed, meaning fluxes could be either positive or negative depending on
environmental favorableness to methanogens and methanotrophs.
Microbes that regulate these three gases are sensitive to soil water conditions. Since water
inputs to soil from precipitation are becoming more variable, researchers have worked to elucidate
how changing precipitation, for example, increased or decreased precipitation in quantity, alters
soil GHG fluxes (Beier et al., 2012; Prieme and Christensen, 2001). Decreased precipitation
generally decreases GHG fluxes, and increased precipitation increases GHG fluxes depending on
deviation from the optimum soil moisture level for microbial activity. Some studies have focused
on GHG emissions after wetting dry soils, since stimulating dry soils with water generally yields
a flush of emissions (Kim et al., 2012). Since greater amounts of water inputs and drier soil prior
to wetting increase the flush of emissions (Kim et al., 2012; Meisner et al., 2013; Xu and Luo,
2011), the projected future precipitation pattern – more frequent heavy rainfalls and longer
consecutive dry days – will possibly increase GHG emissions after rain events.

3
Increased precipitation variability can also reduce crop growth and yield if soils become
too wet or dry for extended periods (Farooq et al., 2009; Rosenzweig et al., 2002). Historically,
drought has caused serious damage to agricultural crops, and therefore, many studies have reported
its effects and mechanisms at physiological, molecular and genetic levels (Farooq et al., 2009).
Scarcity of water reduces crop yield by (1) limiting absorption of photosynthetically active
radiation (PAR), (2) decreasing efficiency to use PAR to synthesize chemical energy, and (3)
reducing harvest index, the mass of grain divided by the total aboveground biomass (Earl and
Davis, 2003). Heavy rainfalls reduce crop yield by flooding the field. Excess soil moisture creates
an anoxic environment, decreasing root functions and increasing the risk of plant disease and insect
infestation (Rosenzweig et al., 2002). Some historical floods caused substantial damage to farmers,
such as the 1993 US Midwest floods and the North Dakota Red River floods that caused $1-8
billion loss, and it is predicted that the increasing number of heavy rain events will cause additional
losses totaling $3 billion per year in the next thirty years in the US (Rosenzweig et al., 2002).
These impacts of increased precipitation variability on soil GHG emissions and crop yield
could be mitigated by biochar addition to soil. Biochar is a black carbon material produced from
various biomass sources, but commonly from forest products (Jirka and Tomlinson, 2014).
Biomass sources undergo thermal degradation in the absence of oxygen, called pyrolysis. Biochar
is differentiated from charcoal for its exclusive purpose as a soil amendment (Lehmann and Joseph,
2009). For its ability to stay undecomposed for a long time, biochar has been gaining scientific
attention as a mechanism to sequester carbon (Lehmann, 2007). Lehmann (2007) calculated CO2
sequestration for several biochar use scenarios, including pyrolysis of forest residues, fast-growing
vegetations, and crop residues in the US, and found each scenario could offset 10% of the annual
US fossil-fuel emissions. Besides its climate change mitigation potential, biochar has been
reported to decrease soil GHG emissions and enhance plant growth when mixed in soil in some
systems (Crane-Droesch et al., 2013; Lehmann et al., 2011). There are a number of reported
mechanisms leading to decreased soil GHG emissions, such as gas precipitation on the biochar
surface, decreased substrate availability, and decreased microbial activity (Lehmann et al., 2011;
Spokas et al., 2012). Several experiments showed decreased GHG emissions from biochar-mixed
soil after wetting (Yanai et al., 2007), suggesting biochar could mitigate increased GHG emissions
from more frequent heavy rainfalls in the future. Biochar also has been shown to improve plant
growth, particularly of agricultural crops, by improving soil conditions such as pH, water content,
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aeration and nutrient retention (Jones et al., 2012; Mulcahy et al., 2013; Rajkovich et al., 2012). A
meta-analysis by Crane-Droesch et al. (2013) found that biochar particularly performs particularly
well in weathered and degraded soil. However, whether biochar could improve crop growth under
drought or excess soil moisture is still unclear.
Here, I report the results of the field and laboratory experiments that I conducted to measure
biochar effects on soil GHG emissions and crop growth under a highly variable precipitation
pattern compared to ambient precipitation. My field experiment was conducted in a soybean field
near the Purdue University campus in West Lafayette, Indiana, USA. I monitored soil GHG
emissions and soybean growth under ambient and increased precipitation variability from biocharadded and non-added plots. The laboratory experiment was conducted to simulate a heavy rain
event and to examine the subsequent hourly GHG fluxes of soil sampled from each of the field
plots.
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CHAPTER 2.
THE POTENTIAL OF BIOCHAR TO MITIGATE THE
EFFECTS OF INCREASED PRECIPITATION VARIABILITY ON
SOIL GREENHOUSE GAS EMISSIONS AND SOYBEAN GROWTH

2.1

Introduction
One of the consequences of climate change is an alteration in precipitation patterns.

Precipitation patterns are becoming more variable in many regions in the world, with more
frequent heavy rain events and longer dry periods (Trenberth, 2011). Increased precipitation
variability can affect greenhouse gas (GHG) exchanges at soil surface by changing soil water
regime (Beier et al., 2012; Prieme and Christensen, 2001). Particularly heavy rain inputs in dry
soils have been shown to yield a flush of GHG emissions (Kim et al., 2012). Agricultural lands
contribute a considerable portion of total anthropogenic GHG emissions, especially N2O, and
heavy rainfalls could increase GHG emissions from agricultural fields even more. Furthermore,
increased precipitation variability could negatively impact crop growth as water supply is unstable.
Agricultural operators have already experienced the damage of more variable precipitation patterns
to crops in the past, casting challenges for feeding a growing population (Farooq et al., 2009;
Rosenzweig et al., 2002). These challenges could be addressed with biochar, a black carbon
material. Biochar has been shown to suppress soil GHG fluxes by altering microbial activity or
substrate availability, and enhance plant growth by improving soil conditions (Lehmann et al.,
2011; Warnock et al., 2007). Therefore, biochar has the potential to mitigate the increased soil
GHG emissions and decreased crop growth due to increased precipitation variability. However,
there have been no biochar studies to date under more variable precipitation patterns.
Increased precipitation variability alters soil hydrological dynamics, which regulate soil
greenhouse gas (GHG) exchanges (Beier et al., 2012; Prieme and Christensen, 2001; Vicca et al.,
2014). Soil CO2 emissions result from microbial and plant root respiration. Soil CO2 emissions are
the largest pathway by which fixed carbon goes back to the atmosphere, and therefore, their
influence on the terrestrial carbon cycle is significant (Schlesinger and Andrews, 2000). N2O is a
product of nitrification and denitrification activities (Bouwman, 1998). It traps more heat in the
atmosphere than CO2 per mass, and its atmospheric concentration has increased by about 20%
since the pre-industrial era (Cayuela et al., 2004). CH4 also traps a greater amount of heat compared
to CO2, and soil both emits and consumes CH4 due to the presence of CH4 producers and oxidizers
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(methanogens and methanotrophs, respectively) in soil (Borken et al., 2005; Kim et al., 2012). The
amount of GHG emissions from soil depends on land use and vegetation grown in the field.
Agricultural ecosystems are a dominant contributor to a great part of global GHG emissions,
particularly N2O, as a consequence of nitrogen inputs like nitrogen fertilization and biological
nitrogen fixation by legume crops (Flessa et al., 2002; Shah, 2014). Some parts of the US have
been adopting large scale, intensive agricultural cropping systems. As a result, 77% of the
anthropogenic N2O emissions in the US came from agricultural soil in 2016 (USEPA, 2018).
Soil moisture, controlled by precipitation events, is the primary regulator of soil GHG fluxes.
Due to the great contribution of soil GHG emissions to the global carbon and nitrogen cycles,
scientists have been keen to study the responses of soil GHG emissions to future precipitation
scenarios through precipitation manipulation experiments (Beier et al., 2012; Prieme and
Christensen, 2001). A number of studies have reported that CO2 fluxes from soils decrease with
decreased precipitation compared with ambient, and increase rapidly when the soils are wetted due
to microbe sensitivity to soil moisture (Canarini et al., 2017; Vicca et al., 2014). A meta-analysis
by Homyak et al. (2017) shows that soil N2O fluxes decrease with decreased precipitation, possibly
due to a decrease in the N2O:N2 ratio or lower denitrification activities under low soil moisture
levels (Bouwman, 1998). N2O fluxes also increase notably after wetting (Congreves et al., 2018;
Prieme and Christensen, 2001). These rapid increases in CO2 and N2O fluxes after wetting are
known to be exacerbated by longer exposures to drought prior to wetting and larger water inputs
(Kim et al., 2012; Meisner et al., 2013; Xu and Luo, 2011). Reduced precipitation usually creates
drier soil conditions, and therefore, increases CH4 uptake, and wetting typically decreases uptake
due to higher methanogen activity, yet there is a higher variability among studies than for CO2 and
N2O (Borken et al., 2005; Kim et al., 2012). Generally, wetting yields smaller and shorter flushes
of CH4 than of CO2 and N2O (West and Schmidt, 1998).
Envisaging possible impacts of precipitation change, previous studies have focused on crop
responses to extreme soil moisture conditions, both dearth and excess (Farooq et al., 2009;
Rosenzweig et al., 2002). Water stress has long been studied as a major environmental constraint
on crop yield (Farooq et al., 2009). Severe drought has caused tremendous damage to agricultural
economy in history. For example, Craft et al. (2015) report that up to 56% of revenue from
soybeans in Kentucky was lost due to drought in recent years. Meanwhile, excess soil moisture
from heavy rainfalls and flooding has caught less attention, yet its negative impact on crop
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production is still large. Not only has excess soil moisture already caused economic loss,
Rosenzweig et al. (2002) computed that increasing frequency of heavy rain events will cause
additional loss totaling $3 billion loss per year in the next thirty years in the US.
Biochar has been studied widely for its ability to suppress soil GHG emissions by altering
microbial activity, and to enhance plant growth by improving soil conditions when mixed in soils
(Lehmann et al., 2011; Warnock et al., 2007). Biochar is a black carbon material that is produced
by slow pyrolysis with no or low levels of oxygen, and has been observed to suppress soil GHG
emissions both in fields and laboratories (Lehmann et al., 2011; Šimek et al., 2002; Spokas et al.,
2012; Van Zwieten et al., 2010; Yanai et al., 2007; Yu et al., 2013). There are a variety of proposed
mechanisms of GHG suppression by biochar. The mechanisms of biochar suppression of CO2
fluxes include (1) biochar’s small pores separate microbes from substrates, (2) CO2 precipitates as
carbonate on biochar surfaces, and (3) biochar lowers microbial activity by altering soil properties
(Lehmann et al., 2011). Suppression of N2O fluxes has been proposed to result from decreased
N2O:N2 ratio of denitrification products by increased pH (Šimek et al., 2002; Van Zwieten et al.,
2010), lower nitrogen substrate availability due to adsorption to the biochar surface (Spokas et al.,
2012), and deactivation of denitrifiers due to increased soil aeration (Yanai et al., 2007). Also,
biochar provides a favorable environment for methanotrophs with increased porosity and CH4
adsorption to the biochar surface, but provides an unfavorable environment for methanogens such
as increased pH and less substrates, resulting in inhibition of CH4 fluxes (Yu et al., 2013).
Enhancement of plant growth by biochar addition has been observed, particularly in
agricultural crops (Jones et al., 2012; Mulcahy et al., 2013; Rajkovich et al., 2012). Increased soil
moisture, aeration, pH and nutrient retention by biochar addition contribute to greater crop yields.
Biochar is capable of increasing crop yields over time and performing better in more weathered
and degraded soils (Crane-Droesch et al., 2013). Biochar is potentially a useful mitigation tool,
both from climate change and crop production points of view, especially for regions where largescale intensively managed agricultural systems are operated such as the Midwestern US. However,
scientific knowledge about the biochar’s potential under a more variable precipitation regime is
lacking.
Therefore, I investigated biochar effects on soil GHG fluxes and soybean (Glycine max (L.)
Merr.) growth under a manipulated variable precipitation regime, characterized by repeated onemonth droughts separated by heavy rain events, to assess biochar’s potential to suppress soil GHG
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emissions and improve plant growth under more variable precipitation patterns. Based on previous
studies, I hypothesized that biochar would suppress GHG fluxes under ambient and manipulated
variable precipitation, particularly by dampening flushes of fluxes following heavy rain events. In
addition, I hypothesized that soybean yield would be lower under the manipulated variable
precipitation compared to ambient because of the less stable water supply, but that biochar would
mitigate this negative effect.

2.2
2.2.1

Methods
Study Site
The study was located at Purdue University’s Agronomy Center for Research and Education

(West Lafayette, Indiana, USA). The 30-year mean annual temperature and precipitation at the site
are 10.6 °C and 1011.8 mm, respectively (1989-2017; MRCC, 2018). The soil is characterized as
a poorly drained Alfisol, categorized as Loamy Wisconsin Till (Isee Network, 2015 - 2017) with
2.8% organic matter content, a cation exchange capacity of 12.6 meq/100g, a pH of 6.3, 141 ppm
K, 395 ppm Mg, and 1300 ppm Ca. The soil originates with a dark brown silt loam in forests
(NCSS, 2018), and has been cropped with soybeans and seeded to grass in recent years. For a silt
loam soil with 2.8% of organic matter content, estimated field capacity is at approximately at 32%
of volumetric soil moisture, and wilting point is at approximately at 12% (Brady and Weil, 2002).
2.2.2

Experimental Design
The experiment used a factorial design with precipitation (ambient and variable

precipitation) and biochar (biochar addition and non-addition (control)) treatments with five
replicates. The precipitation treatments were manipulated with rainout shelters, under which the
biochar treatment was nested. The variable precipitation plots were intended to receive no natural
rain, but to experience monthly heavy rainfalls by manual water addition. However, as shown later,
a few natural rainstorm events intruded into the variable precipitation plots. The amount of water
manually added each month was 37.8 mm per plot, which is equivalent to the upper 5th percentile
of the daily precipitation distribution from the past 10 years at the site. The precipitation data were
obtained from the local weather station (iClimate, 2016). The ambient precipitation plots received
natural rain. Wildlife netting was attached to a roof frame of the ambient precipitation plots in
order to reduce the photosynthetically active radiation (PAR) to that of the variable precipitation
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plots. Rainout shelters and wildlife netting reduced PAR by the same amount (-13.5%; Fig. A1;
Table A6). Biochar was obtained from a commercial source (Royal Oak Enterprises. LLC.,
Roswell, Georgia, USA). It was produced from hardwood materials, primarily oak and hickory,
under slow pyrolysis at a temperature of approximately 700 °C for several days. Biochar was sent
to a commercial laboratory to examine its characteristics (A&L Great Lakes Laboratories, Inc.,
Fort Wayne, IN, USA), and detailed biochar properties are shown in Table 1. The biochar was
mixed with the soil to the depth of 10-15 cm at an application rate of 30 t ha-1 (1.26 %) using handoperated tillage equipment. The application rate was selected based on previous studies
(Houghton, 2017; Rajkovich et al., 2012). The control plots were tilled in the identical way, but
without the addition of biochar. Each plot was 1 m by 1 m, with soybeans grown in two rows
(approximate field density of 370,000 plants ha-1). The cultivar used was AG3832 (Monsanto
Company, St. Louis, MO, USA). A drainage tile ran under the middle of each replicate 65 cm
below the ground. Biochar was mixed in soils and soybeans were sowed on May 18, 2017. The
shelters were installed on June 8, 2017, and the experiment was conducted during the growing
season of that year.
Table 1. Properties of biochar used in the experiment. The numbers in the parantheses are the
standard error of the mean (n=5).
Organic matter (%)

74.0 (±2.5)

Phosphorus (Bray-1 Equiv ppm)

6.0 (±0.5)

Potassium (ppm)

140.4 (±5.8)

Magnesium (ppm)

29.0 (±1.9)

Calcium (ppm)

260.0 (±10.0)

pH

9.32 (±0.05)

Cation exchange capacity (CEC; meq/100g)

1.90 (±0.05)

Percent cation saturation

Potassium

18.9 (±0.6)

Magnesium

12.7 (±0.7)

Calcium

68.4 (±1.2)

Total carbon (%)

79.5 (±0.5)

Total nitrogen (%)

0.149 (±0.002)

C:N ratio

533.2 (±10.4)
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2.2.3

Field GHG Measurements
To facilitate GHG measurements I inserted rings of PVC pipe (10 cm in diameter and 6.2

cm in height; hereafter referred to as “collars”) to 2.5-3 cm depth in the center of each plot at least
a week before the first GHG measurement. I used a cavity ring-down spectroscopy analyzer
(Picarro G2308, Picarro Inc., Santa Clara, CA, USA) to measure CO2, N2O, and CH4
concentrations (ppm) by placing a custom-made chamber on each PVC collar for 5 minutes, and
measuring changes in gas concentrations in this closed system (Scott, 2017). Measurements were
taken weekly between 11:00 am and 4:00 pm when soil temperatures were relatively stable. The
analyzer reported gas concentrations once every 5 seconds (Scott, 2017). Between each
measurement I exposed the chamber to ambient air for at least 2 minutes in order to return the
concentrations in the system to ambient levels. The chamber volume was 0.775 L (Scott, 2017),
and the flow rate was less than 100 mL min-1. Using the gas concentration trend over the 5-minute
sampling period, fluxes were computed by the Picarro Soil Flux Processor, a software utility to
assist flux calculations. I used the Hutchinson & Mosier algorithm to fit the concentration data
(Hutchinson and Mosier, 1981). Cumulative fluxes during the experimental period (June 7 to
September 4, 2017) were obtained for each gas by taking the average of each two consecutive flux
measurements, multiplying each of these averages by the time difference between the two
measurements, and summing all the obtained values. The cumulative fluxes were then converted
to CO2 equivalent fluxes by calculating mass-based fluxes, multiplying them by global warming
potential (GWP) of each gas, and summing the CO2 equivalent fluxes of the three gases to assess
the overall GHG emissions from each treatment (Eq. 1). GWP shows how much heat a GHG traps
in the atmosphere per mass relative to the amount of heat trapped by the same amount of CO2. The
GWP for each gas is 1, 298 and 34 for CO2, N2O and CH4, respectively (Myhre et al., 2013)
!"#$% '(' )*+,,+"- ./
= 12*2%$#+3) 456 7%28 ./ ×1 + 12*2%$#+3) <6 5 7%28 ./ ×298
+ 12*2%$#+3) 4(@ 7%28 (./)×34

(1)

At the same time that I measured gas fluxes, I monitored soil temperature and volumetric
soil moisture at 5 cm and 0-10 cm depth, respectively, as well as plot temperature at 10 cm above
the ground in the middle of each plot. I used a VWR 89204-742 (VWR Inc., Radnor, Pennsylvania,
USA) to measure soil and plot temperature, and a HS2 HydroSense II (Campbell Scientific, Inc.,
Logan, Utah, USA) for soil moisture. I calculated coefficient of variation (CV) of soil moisture
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data at the end of the experiment to compare the variability of the data between the ambient and
variable precipitation treatments. CV is defined by standard deviation divided by mean. Mean
daily air temperature and daily precipitation were obtained from the local weather station
(iClimate, 2016).
2.2.4

Laboratory Wetting Experiment
In order to examine the hourly trend of GHG fluxes following a heavy rain event, I conducted

a laboratory wetting experiment. Soil was collected on August 11, 2017 after the variable
precipitation treatment was exposed to a one-month drought. Using a soil core sampler (8 cm in
diameter), I sampled soils from the top 0-15 cm layer. The soil cores were then transported to the
laboratory, dried at 25 °C, and sieved through a 4 mm mesh. 300 g of the soil was placed in a glass
jar and stored at room temperature for 24 hours. After the incubation, 100 mL of water (53%
volumetric soil moisture equivalent) was spread homogeneously onto the soil in each jar.
Immediately gas concentrations were measured by connecting the incubation system to the Picarro
analyzer for 5 minutes. I measured each sample every 1.5 hours. Then I computed fluxes using the
Picarro Soil Flux Processor (see details in 2.2.3). I terminated the measurements 12 hours after the
wetting when all the GHG fluxes had almost returned to their original rates. Cumulative fluxes
and total GHG emissions from the 12-hour period were calculated in the same way as for the field
GHG measurements (see details in 2.2.3).
2.2.5

Soybean Sampling
Soybeans were harvested twice. The first harvest was on August 19, 2017, when the soybean

growth stage was at R4 or R5 (Casteel, 2010-2011). At this time, seeds were premature and the
height and leaf area were usually at their maximum stages (Casteel, 2010-2011). I harvested 10
plants per plot. The second harvest was conducted on September 15, 2017, at the R8 growth stage
(Casteel, 2010-2011). At this time, I harvested all remaining plants, approximately 30 plants per
plot. The seeds were at full maturity. At the first harvest, the harvested plants were placed in paper
bags and dried for a week at 60 °C. Then I manually sorted the dried samples to measure the
number and weight of dry leaves and dry pods per plant, average dry leaf and dry pod weight,
weight of dry stems per plant, average number of nodes, and total biomass per plant. At the second
harvest, the harvested plants were rested at room temperature for a few weeks. Then I used a
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soybean threshing machine to separate seeds from pod husks. The number of seeds were counted
using a seed counter, and I measured average seed dry weight, and seed weight per plant.
2.2.6

Soil Properties
Soil characteristics were determined by a commercial soil test analyzing organic matter,

available phosphorus, exchangeable potassium, magnesium, calcium, soil pH, buffer pH, cation
exchange capacity, and percent base saturation of cation elements (A&L Great Lakes Laboratories,
Inc., Fort Wayne, IN, USA). The soils were sampled and shipped at the termination of the
experiment. Bulk density was determined at the same time separately by sampling soil cores.
2.2.7

Statistical Analysis

Linear mixed effects models were run using the lmer() function in R (Version 1.1.442). Fixed
factors were “precipitation” (ambient and variable) and “biochar” (biochar and control) for the
cumulative GHG flux data, soybean variables and soil properties. “Date” (“time” for the laboratory
experiment) was added as a fixed factor for repeated measures models for soil moisture,
temperature, field GHG flux data, and hourly GHG flux data from the laboratory experiment.
Random factors were included such that biochar was nested within precipitation, which was nested
within block. There were five replicates for the analyses. Normality and homoscedasticity
assumptions were tested for all the residuals. If assumptions were violated, the Yeo-Johnson Power
Transformation was applied to GHG flux variables (Yeo and Johnson, 2000), a logit
transformation was applied to proportional variables, a square root transformation was applied to
count data, and a natural logarithm transformation was applied to other variables. I conducted
randomization tests in R when transformations did not improve normality or homogeneity of
variance.
To examine the relationship between GHG fluxes and soil moisture, and GHG fluxes and soil
temperature across treatments, I fitted a quadratic function to GHG fluxes and soil moisture, and
GHG fluxes and soil temperature (Eq. 2; Bamminger et al., 2017; Suseela and Dukes, 2013). I
applied Yeo-Johnson Power Transformation to GHG fluxes in order to achieve normality and
homoscedasticity assumptions (Yeo and Johnson, 2000).
E = $ + F8 + 18 6

(2)
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where y is Yeo-Johnson Power Transformed GHG flux, x is either soil moisture or soil temperature,
and a, b, and c are constants. Considering root respiration variability due to root development over
time, I fitted a quadratic function for each of three different phases during the experimental period
for CO2 – the measurements in June, July and August + September 4.

2.3

Results
Both field and laboratory measurements showed that biochar decreased cumulative CO2

fluxes under the ambient precipitation treatment, but increased them under more variable
precipitation. In the field, the cumulative CO2 flux from the variable precipitation treatment was
29% lower than that of the ambient precipitation treatment across biochar and control treatments.
Biochar deceased N2O fluxes in the field across precipitation treatments, and the variable
precipitation treatment decreased cumulative CH4 fluxes in the laboratory across biochar and
control treatments. The variable precipitation treatment decreased the average dry seed weight at
the second harvest, and biochar increased the overall soybean yield.
2.3.1

Soil Moisture and Temperature
Soil moisture ranged from approximately 10% to 36% in the variable precipitation treatment,

but did not go lower than 14% in the ambient precipitation treatment (Fig. 1b). Although a few
natural rainstorm events intruded into the variable precipitation plots in June and July, the main
drought condition was created during the first half of August (soil moisture of below 20%), when
the ambient precipitation treatment was experiencing 15-35% of soil moisture (Fig. 1b). The
coefficient of variation (CV) of soil moisture was larger in the variable precipitation treatment,
indicating soil moisture was more variable compared with ambient precipitation treatment on the
dates measured (Fig. 1d; Table A3; p < 0.05). The average soil moisture during the experimental
period (June 7 to September 4, 2017) was lower in the variable precipitation treatment than in the
ambient precipitation treatment (Fig. 1e; Table A4; p < 0.001). Soil moisture averaged 26.0 ± 0.4 %
in the ambient precipitation treatment, and 23.3 ± 0.5 % in the variable precipitation treatment (Fig.
1e). Assuming all the water from the intruded rainstorms were inputted in the variable precipitation
plots, the variable precipitation treatment received a total of 279.3 mm of precipitation while the
ambient precipitation treatment received 458.7 mm of precipitation throughout the experimental
period.
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The variable precipitation treatment increased soil temperature by 0.7 °C (Fig. 1f; Table A5;
p < 0.05) and biochar lowered soil temperature by 0.5 °C (Fig. 1c; Table A2; p < 0.001). The
rainout shelters in the variable precipitation treatment did not alter plot temperature at 10 cm above
the ground (Fig. A2; Table A7, A8). The weather during the experimental period was characterized
by a mean temperature of 21.9 °C and total precipitation of 458.7 mm (Fig. 1a).

Figure 1. Precipitation and air temperature during the experimental period are shown as bar plots
and line plots, respectively (a). Soil moisture (b), and soil temperature (c) in each treatment are
shown during the experimental period. Coefficient of variation (CV) of soil moisture is defined
as standard deviation divided by mean (d). Mean values are pooled across the experimental
period for soil moisture (d) and soil temperature (e). N = 5. The arrows indicate manual water
inputs. In addition to manual water inputs, some rainstorm events intruded into the variable
precipitation treatments. Error bars indicate standard errors. Significant effects are presented
with asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001).
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2.3.2

GHG Measurements
The variable precipitation treatment decreased cumulative CO2 fluxes by 38% (p < 0.05)

in the field. In the non-biochar plots alone, the variable precipitation treatment lowered cumulative
CO2 fluxes by 48%. Biochar, however, reduced this difference by marginally decreasing the
cumulative fluxes in the ambient precipitation treatment, and increasing them in the variable
precipitation treatment (Fig. 2a; Table A9; precipitation × biochar, p = 0.055). There were no
significant quadratic relationships between CO2 fluxes and soil temperature, but there were some
significant relationships between CO2 fluxes and soil moisture, depending on treatment and month
(Fig. 3). In June, all treatments except the variable precipitation+non-biochar treatment had
quadratic relationships between CO2 fluxes and soil moisture. The flux of CO2 reached an optimum
at around 28% soil moisture in ambient+biochar, 30% in ambient+non-biochar, and a higher
moisture level in variable+biochar (Fig. 3a). In July, only the variable precipitation treatments had
a quadratic relationship between CO2 fluxes and soil moisture, with the optimum CO2 level at
around 25% of soil moisture (Fig. 3b).

Figure 2. Cumulative fluxes of CO2 (a), N2O (b) and CH4 (c) from the field measurements over 3
months. N = 5. Error bars indicate standard errors. Significant and marginal effects of
precipitation, biochar and their interaction are presented with asterisks and daggers, respectively
(† 0.05 < p < 0.1; * p < 0.05).
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Figure 3. Quadratic curve fits of CO2 flux against soil moisture in June (a) and July (b). Solid
lines represent ambient precipitation+non-biochar (AC), dashed lines represent ambient
precipitation+biochar (AB), dotted lines represent variable precipitation+non-biochar (VC), and
dot-dashed lines represent variable precipitation+biochar (VB). Statistical outputs show adjusted
R2 and p values of a quadratic model of Yeo-Johnson Power transformed CO2 flux against soil
moisture.
In the laboratory experiment, CO2 fluxes increased immediately in response to the wetting,
followed by a slow decrease back to nearly the original fluxes (Fig. 4a). The precipitation and
biochar treatments affected cumulative CO2 fluxes in a similar way to the field GHG
measurements; biochar decreased cumulative fluxes in the ambient precipitation treatment by 11%,
but increased them in the variable precipitation treatment by 29% (Fig. 4d; Table A15;
precipitation × biochar, p < 0.01). This trend was also observed throughout the measurement
period after wetting (Fig. 4a; Table A12; precipitation × biochar, p < 0.001).
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Figure 4. Fluxes of CO2 (a), N2O (b) and CH4 (c) after wetting the soils in the laboratory
experiment, and the cumulative values of CO2 (d), N2O (e) and CH4 (f). N = 5. Error bars
indicate standard errors. Significant effects are presented with asterisks (* p < 0.05; ** p < 0.01;
*** p < 0.001).
Biochar decreased cumulative N2O fluxes in the field (Fig. 2b; Table A10; p < 0.05). The
cumulative fluxes from the variable+biochar plots were negative values, indicating that N2O was
consumed during the experimental period. There were no quadratic relationships found between
N2O fluxes and soil moisture, and N2O fluxes and soil temperature. In the laboratory wetting
experiment, both precipitation and biochar treatments showed no effects on N2O fluxes and
cumulative fluxes (Fig. 4b, 4e; Table A13, A16). The peak of the fluxes was observed after 8 hours,
which was slower than the peaks of CO2 and CH4 (Fig. 4b).
CH4 fluxes were affected by neither precipitation nor biochar (Fig. 2c; Table A11).
However, in the laboratory wetting experiment, the variable precipitation treatment decreased CH4
fluxes depending on time (Fig. 4c; Table A14; precipitation × time, p < 0.05). Following the flux
peak, the variable precipitation treatment mainly took up CH4, while the ambient precipitation
treatment emitted CH4 (Fig. 4c). Cumulatively, the ambient precipitation treatment had positive
fluxes, while the variable precipitation treatment had negative fluxes (Fig. 4f; p < 0.05). The flux

18
peak of CH4 was detected immediately after wetting, and the flux quickly returned to the original
rate.
The total GHG emissions, shown as CO2 equivalent, had a similar trend as the cumulative
CO2 emissions. In the field experiment, the variable precipitation treatment had lower CO2equivalent fluxes than the ambient precipitation treatment (Fig. 5a; Table A18; p < 0.05). There
was a marginally significant interaction effect of precipitation and biochar, indicating that biochar
decreased the fluxes under the ambient precipitation but increased them under variable
precipitation (Fig. 5a; Table A18; p = 0.062). In the laboratory experiment, there was a significant
interaction effect with the same trend as the field experiment (Fig. 5b; Table A19; p < 0.01). In the
variable precipitation treatment alone, biochar increased the total GHG emissions by 30% in the
laboratory. This is high compared to the 10% increase by biochar in the field experiment for the
variable precipitation.

Figure 5. Total CO2 equivalent emissions from the sum of cumulative emissions of CO2, N2O
and CH4 from the three-month field experiment (a) and from the 12-hour laboratory experiment
(b). N = 5. Error bars indicate standard errors. Significant and marginal effects of precipitation,
biochar and their interaction are presented with asterisks and daggers, respectively († 0.05 < p <
0.1; * p < 0.05; ** p < 0.01).
2.3.3

Soybean Sampling

At the first harvest, biochar increased shoot length by 3.7 ± 1.7 cm (5%; mean ± SE; Fig. 6a;
Table A20, A29; p < 0.01) and leaf dry weight by 2.7 ± 3.0 mg (3%; Fig. 6c; Table A22, 29; p =
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0.083). The variable precipitation treatment had 0.03 ± 0.01 g (11%) heavier pods than the ambient
precipitation treatment (dry weight; Fig. 6b; Table A21, 29; p < 0.01).
The second harvest showed that the ambient precipitation treatment had 5.1 ± 12.3 mg (3%)
heavier seeds compared to the variable precipitation treatment (Fig. 6e; Table A24; p < 0.05). On
average, biochar added 20 ± 9 (19%) more seeds to every plant (Fig. 6d; Table A23; p < 0.005),
and increased seed weight per plant by 3.3 ± 1.5 g (19%; Fig. 6f; Table A25; p < 0.005).

Figure 6. Biochar and precipitation effects on soybean growth. Shoot length (a), average pod dry
weight (b) and average leaf dry weight (c) were measured at the first harvest when the growth
stage was at R4 or R5. Number of seeds per plant (d), average seed dry weight (e) and seed
weight per plant (f) were measured at the second harvest when the growth stage was at R8. Error
bars indicate standard errors. N = 5. Significant and marginal effects of precipitation, biochar and
their interaction are presented with asterisks and daggers, respectively († 0.05 < p < 0.1; * p <
0.05; ** p < 0.01).
2.3.4

Soil Properties
Biochar raised soil pH from 6.3 in the non-biochar plots to 6.8 in the biochar-added plots

(Fig. 7a; Table A26, A30; p < 0.001). However, a marginally significant trend suggested that
biochar did not raise pH in the variable precipitation treatment as much as in the ambient
precipitation treatment (precipitation × biochar; p = 0.075). Another marginally significant trend
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suggested that biochar decreased soil bulk density by 4% (Fig. 7c; Table A28, A30; p = 0.063).
Biochar increased calcium concentration by 8.9% (Fig. 7b; Table A27, A30; p < 0.05) and percent
Ca2+ saturation by 13.4% (Table A30; p < 0.001). Soil in the variable precipitation treatment had
marginally higher concentrations of phosphorous (Table A30; p = 0.058) and magnesium (Table
A30; p = 0.065).

Figure 7. Biochar and precipitation effects on soil pH (a), Ca concentration (b) and bulk density
(c) in each treatment. N = 5. Error bars indicate standard errors. Significant and marginal effects
of precipitation, biochar and their interaction are presented with asterisks and daggers,
respectively († 0.05 < p < 0.1; * p < 0.05; ** p < 0.01; *** p < 0.001).
2.4

Discussion
The results demonstrate that biochar may not function as a soil CO2 flux suppressor under more

variable precipitation. In my experiment, the variable precipitation treatment possibly altered the
decomposition rate of native soil carbon or biochar labile carbon, which appeared as the increased
CO2 flux in the biochar treatment. The results also suggest that biochar may be capable of
decreasing N2O emissions under more variable precipitation by suppressing N2O production
or/and promoting N2O consumption. The CH4 result from the laboratory experiment indicates that
legacy of precipitation pattern may affect CH4 fluxes.
The hypothesis that increased precipitation variability would reduce soybean growth, but
biochar addition would mitigate this negative effect was partially supported, suggesting that
biochar could improve crop yields under more variable precipitation scenarios by improving soil
conditions such as pH, aeration and nutrient retention.
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2.4.1

Soil Moisture and Soil Temperature
The variable precipitation treatment had lower average soil moisture and higher average

soil temperature than the ambient precipitation treatment. Soil hydrology and thermal dynamics
closely interact with each other. In general, increased soil moisture decreases daytime soil
temperature, increases nighttime soil temperature, and increases daily average soil temperature
(Al-Kayssi et al., 1990). My observation of lower average soil moisture and higher average soil
temperature in the variable precipitation treatment is consistent with this trend since the
measurements were taken during the day, when increased soil moisture is associated with
decreased soil temperature. In addition, there might have been an effect of rainout shelters on soil
temperature.
There was a surprising effect of biochar decreasing soil temperature in my experiment. Due
to its dark color, some previous studies found increased soil temperature by biochar addition by
reducing soil albedo (Oguntunde et al., 2008; Ventura et al., 2012). Both Oguntunde et al. (2008)
and Ventura et al. (2012) found the soil color was quite different between biochar treatment and
control, and I also observed the biochar-added soil was slightly darker than the control soil.
However, the soils in Ghana and Italy (Oguntunde et al. (2008) and Ventura et al. (2012),
respectively) are likely to be lighter-colored than the dark soil in my experiment. The difference
in original soil color, therefore, could influence biochar effect on albedo. In addition, the recent
study by Liu et al. (2018) examined diurnal soil temperature and found that biochar decreased daytime soil temperature but increased night-time soil temperature. They also noted that crop canopy
could narrow the reflectance gap between biochar-added and non-added soils. Furthermore,
Ventura et al. (2012) found no difference in soil temperature at 7.5 cm, but biochar increased
temperature only at the soil surface. Given this body of evidence, combination of the dark soil
color, the measurement timing (daytime), measurement depth (5 cm) and soybean canopy possibly
led to my result of decreased soil temperature by biochar addition.
2.4.2

CO2 Fluxes

While I expected biochar would suppress soil CO2 emissions under both ambient and variable
precipitation, my results showed that biochar decreased CO2 fluxes under ambient precipitation,
but increased them under variable precipitation. The laboratory experiment showed that the trend
is particularly significant after soil wetting. In the field experiment, CO2 fluxes did not have strong
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quadratic relationships with soil moisture except for some treatments in June and July (Fig. 3). In
June, the variable precipitation+biochar treatment (VB) showed a greater increase of CO2 flux
with increasing soil moisture than the variable precipitation+non-biochar (VC), indicating that
water addition resulted in higher CO2 emissions from VB than VC. In July and August, however,
VB and VC showed the same trend with similar CO2 level. It is likely that the marginally
significant interaction effect on cumulative CO2 fluxes in the field experiment resulted from the
rainstorm events that intruded into the VB plots, as well as the manual water input in June.
Increased CO2 fluxes have been often found in previous biochar studies during the first weeks
to months after biochar addition (Kuzyakov et al., 2008; Luo et al., 2011; Yu et al., 2013). These
increased CO2 fluxes are explained by accelerated decomposition of native soil organic carbon
(positive priming effects) and decomposition of labile biochar carbon (Fang et al., 2015; Kuzyakov
et al., 2008). Nevertheless, the positive priming effects and decomposition of biochar carbon
depend on several factors such as biochar carbon content, soil organic carbon content, soil texture,
soil temperature and so on (Fang et al., 2015). Fang et al. (2015) suggest some hypotheses based
on their experiment including (1) biochar labile carbon accelerate microbial activity, (2) sandy
soils tend to observe positive priming effects more frequently, and (3) less biochar carbon was
mineralized in the relatively SOC-poor Inceptisol than in the SOC-rich Entisol and Vertisol. The
significant interaction effect on CO2 fluxes in the laboratory experiment could be explained by the
decomposition rate of native soil carbon or biochar labile carbon since all the treatments had the
same soil moisture level before and after the wetting. The different precipitation patterns to which
the soil had been exposed may have affected the decomposition rate such that biochar decreased
CO2 fluxes from the soils receiving the ambient precipitation, but increased them from the soils
exposed to the variable precipitation. This finding highlights the possible effect of the precipitation
history that a soil has experienced on the priming effect or biochar carbon decomposition.
2.4.3

N2O Fluxes

Consistent with results from previous studies, biochar was capable of suppressing N2O fluxes
in fields of leguminous crops (Cayuela et al., 2014; Rondon et al., 2005). This effect was observed
both in the ambient and variable precipitation treatments, suggesting that biochar could suppress
N2O fluxes under a more variable precipitation regime. In general, the biochar effect on N2O fluxes
depends on biochar properties. A meta-analysis by Cayuela et al. (2014) examined the variability
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of N2O responses to different biochar properties and found a clear correlation between biochar
application rate and the decrease in N2O fluxes. In addition, Angst et al. (2014) and Karhu et al.
(2010) claimed that the reason why laboratory experiments tend to observe more significant
biochar effects on N2O fluxes than field experiments is because of higher biochar application rate
in laboratory experiments. My biochar application rate was 1.26% (30 t ha-1), and was within the
range of significant N2O decrease found in the meta-analysis by Cayuela et al. (2014). This rate is
slightly higher than other field experiments (18.8 t ha-1 and 9 t ha-1 in the experiments of Angst et
al. (2014) and Karhu et al. (2010), respectively), but much lower than laboratory experiments (240
t ha-1 and 150 t ha-1 in the experiments of Spokas et al. (2009) and Yanai et al. (2007), respectively).
The biochar effect on N2O fluxes also depends on biochar material and pyrolysis temperature
(Cayuela et al., 2014; Angst et al., 2014). The biochar used in this study was made from woody
material pyrolized at 700 °C. Since this type of material and pyrolysis temperature generally cause
a higher decrease in N2O fluxes than other biomass types and temperatures according to Cayuela
et al. (2014), the biochar used in this study was possibly favorable for decreasing N2O fluxes.
In the field experiment, the variable precipitation+biochar treatment had negative cumulative
fluxes, indicating that N2O consumption exceeded its production in the plots. N2O consumption
has been often observed in diverse ecosystems due to reduction of N2O to N2 through
denitrification (Chapuis-Lardy et al., 2006). N2O consumption is thought to occur when O2 or NO3availabilities are limited and excess soil moisture interferes with N2O diffusion out of the soil
(Chapuis-Lardy et al., 2006). The biochar effect to suppress N2O fluxes in my experiment indicates
that biochar either suppressed N2O production, facilitated N2O consumption, or led the
combination of these two effects by altering physical environment for nitrification and
denitrification activities. Soil moisture, however, was not the main factor since there was no
relationship observed between soil moisture and N2O fluxes.
A few recent studies suggest that the N2O fluxes measured in my study using a chamber-based
method might have underestimated actual flux rates. Lam et al. (2015) found that their N2O
measurements using a static chamber with gas chromatography (GC) were 10 times lower than the
ones using a micrometeorological technique. Since Christiansen et al. (2015) found their N2O
measurements using a static chamber with Picarro G2508 and GC were not significantly different,
our chamber method could report smaller N2O fluxes than a micrometeorological technique.
Rochette and Eriksen-Hamel (2007) evaluated 356 studies with different N2O measurement
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methods and concluded that N2O flux data should be compared between treatments within a study,
but not among studies because some methods generate biased estimates of actual fluxes.
2.4.4

CH4 Fluxes

After wetting in the laboratory, I observed CH4 emissions from soils under ambient
precipitation and uptake by soils under variable precipitation (Fig 4c). Yu et al. (2013) tested
biochar effects on CH4 fluxes at different water filled pore space (WFPS) levels, and found that at
higher WFPS, both biochar and control treatments showed positive fluxes, while WFPS below
60% showed negative fluxes. This positive correlation of soil moisture and CH4 fluxes is observed
widely (Borken et al., 2006). Although the soil moisture levels in my laboratory experiment were
homogeneous across all treatments, the legacy effect of soil exposure to different precipitation
variabilities possibly led to the results of CH4 fluxes in the laboratory. The knowledge about legacy
effects of altered precipitation variabilities on methanogens, methanotrophs and substrate
availability is still limited. As microbial response to water change is generally quick (Borken et
al., 2006), substrate availability was possibly depleted by the variable precipitation.
2.4.5

Total GHG Emissions

Since CO2 was the dominant greenhouse gas in my experiments, the total GHG emissions
shown as CO2 equivalent emissions reflected the CO2 flux trend. The results from my experiments
suggest that biochar could increase the overall GHG emissions from soybean fields under a more
variable precipitation. Regions that are projected to experience more frequent heavy rainfall events
and longer dry periods, such as Mediterranean, tropical and some temperate regions, could
potentially experience this negative impact from biochar in terms of a climate change feedback
(Collins et al., 2013). Soybeans do not always require nitrogen fertilizer, but could be fertilized to
achieve maximum yield in some regions (Osborne and Riedell, 2006), which increases soil N2O
emissions. In addition, soybeans are often grown in rotation with other crops (Al-Kaisi and Yin,
2004), and Drury et al. (2007) reported higher CO2 emissions from a soybean field in rotation with
corn than continuous soybean fields because of a greater amount of residue from corn. Given that
soybeans cover 25% of the major agricultural cropping area in the US (USDA, 2014), the
contribution of soybean fields to the GHG emissions from the agricultural sector is potentially
large depending on management. Further investigations are recommended to elucidate the biochar
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effects on GHG emissions with different management strategies and in diverse agro-ecosystems
including but not limited to soybean fields.
2.4.6

Soybean Growth

The combination of the two results - increased pod dry weight at the first harvest in the variable
precipitation treatment and decreased yield in the variable precipitation treatment at the second
harvest - indicates that the variable precipitation treatment altered the timing of soybean seed
formation. As Ruiz-Vega (1984) describes, a faster development rate is often observed under water
stress. Therefore, the one-month drought in the variable precipitation treatment prior to the first
harvest likely accelerated seed formation. Water stress for soybeans is generally soil water
potential of below -10 to -12 bars, which is equivalent to 10 to 15% of volumetric soil moisture
for silty loam soil (Brady and Weil, 2002; Hsiao, 1973). Doss et al. (1974) set a threshold of 10%
available soil water as a “water stress” treatment. Since the estimated field capacity at my
experimental site is at 32% of volumetric soil moisture and wilting point is at 12% (see details in
2.2.1), the 10% threshold is at 14% of volumetric soil moisture in my experiment. The latter half
of the drought period from late July to early August was around or below the threshold constantly.
However, soil moisture was measured at 10 cm depth, which may not represent the water
conditions throughout the rooting zone, which could reach as much as 150 cm belowground (Bord
and Grimes, 1986).
As I hypothesized, the overall soybean yield was lower in the variable precipitation treatment.
Greater precipitation variability and decreased water supply generally decrease crop yield (RuizVega, 1984). Biochar, however, was capable of mitigating this effect in my experiment. Biochar
increased pH toward the optimum level for soybean growth, which is between 6.5 and 7 (Peters et
al., 2005). Biochar’s liming effect has been widely reported and linked to enhancement of crop
yields, especially in acidic soils (Jeffrey et al., 2011). Furthermore, biochar improved soil aeration
and nutrient concentrations in my experiment. It is also possible that biochar promoted biological
nitrogen fixation to improve nitrogen compound supply to the plants as Rondon et al. (2007)
observed. A couple mechanisms could explain improved biological nitrogen fixation: (1) the
increased C/N ratio from biochar addition could have accelerated nitrogen immobilization and (2)
biochar could have improved soil conditions for nitrogen-fixing bacteria (Rondon et al., 2007).
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2.4.7

Biochar utilization

Biochar adoption by farmers is still in its infancy due in part to immature systems for biochar
production, and the high cost of biochar. Systems for producing biochar are still at an early stage
of development due to uncertainties of environmental and economic performance of biochar (Brick,
2010). Biochar is also costly, approximately 50 to 90 times more expensive than commonly used
compost (Porter and Laird, 2014). Another constraint is farmers’ lack of awareness and scant
available resources for farmers regarding practical and economical use of biochar (Jirka and
Tomlinson, 2014) Latawiec et al. (2017) show that half of the Polish famers that are interested in
adopting biochar (20% of the samples) believe that biochar might improve the financial conditions
of their farms. In addition, farmers who are more familiar with the concept of sustainable
agriculture are typically more acquainted with biochar (Latawiec et al., 2017). Although there is
not yet sufficient data to know the current level of US farmers’ awareness of biochar, more than
half of global biochar business is located in the US (Jirka and Tomlinson, 2014), indicating a
potential for expanded biochar commercialization in the country. Several studies have indicated
the positive influence of biochar on crop production including in the Midwestern US (Laird et al.,
2010a). However, the soil in the Midwestern US contains black carbon (for example, 23 % of total
soil carbon is black carbon in Illinois; Skjemstad et al., 2002), and the soil is not weathered or
degraded. Biochar may not be immediately and significantly needed in the Midwestern US, but
there are some environmental benefits such as decreasing nutrient leaching (Laird et al., 2010b) in
addition to improved crop yield. Nevertheless, the bottleneck for biochar adoption derives from
economics. Brick (2010) recommends several commercial-level demonstrations in order to
address the uncertainties and establish economic and political foundations for commercialization.
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CHAPTER 3.

CONCLUSIONS

Several reviews and meta-analyses have shown the capacity of biochar to suppress soil GHG
emissions and enhance plant growth. A meta-analysis by Wang et al. (2016) reported that biochar
retarded decomposition of native soil organic matter by 3.8%, indicating that biochar decreases
microbial respiration. Biochar also decreased soil N2O emissions by 54% in the meta-analysis by
Cayuela et al. (2014), which synthesized 30 laboratory and field studies. Methane emissions have
been reported to decrease with biochar addition by a meta-analysis of Jeffrey et al. (2016),
particularly from flooded fields. In addition, Biederman and Harpole (2012) and Jeffrey et al.
(2011) showed that biochar increased aboveground biomass and crop productivity in their metaanalyses, respectively. These positive plant responses to biochar are particularly remarkable in
acidic soil due to biochar’s liming effect (Biederman and Harpole, 2012; Jeffrey et al., 2011).
My novel approach of examining the combined effect of biochar and increased precipitation
variability revealed that biochar may keep its ability to decrease soil N2O fluxes and improve
soybean growth under more variable precipitation patterns. However, the soil CO2 emission results
– decreased emissions in the ambient precipitation treatment and increased emissions in the
variable precipitation treatment without changing overall plant growth – imply that there may be
a negative side of biochar use under a more variable precipitation. My experiment was conducted
in a single agro-ecosystem over a relatively short-term (one growing season), and did not examine
the belowground chemical, physical and biological dynamics of biochar. For future studies, I
recommend that biochar studies incorporate increased precipitation variability in diverse
ecosystems over a longer period of time to assess the biochar performance under increased
precipitation variability. Since my findings suggest that increased precipitation variability affects
biochar behavior in soil, it is important to examine the biochar state, such as biochar labile carbon
and microbial activities, concurrently.
Although biochar has been widely studied among scientists, its commercialization is still
limited due to the uncertainties regarding economic and environmental potential of biochar (Brick,
2010). In order to fill these uncertainties, biochar studies should expand, for example to the
commercialization demonstration level (Brick, 2010), and my experiments suggest that they
should take different precipitation patterns into account.
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APPENDIX A. SUPPLEMENTARY TABLES AND FIGURES FOR
CHAPTER 2

Figure A1. Photosynthetically active radiation (PAR) measured on August 23, 2017. The
variable precipitation treatments had rainout shelters, and the ambient precipitation treatments
had wildlife netting over the plots. PAR was measured over and under the shelters or nets. N = 5.
Error bars indicate standard errors. Significant effect is presented with asterisks (*** p < 0.001).

Figure A2. Plot temperature (a) and mean plot temperature (b) during the experimental period.
Plot temperature was measured at 10 cm above the ground in the middle of the plot on GHG
measurement days. N = 5. Error bars indicate standard errors.
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Table A1. ANOVA table showing the effects on soil moisture during the experimental period. The
results correspond to Fig 1b.
Precipitation
Biochar
Date
Precipitation x Biochar
Precipitation x Date
Biochar x Date
Precipitation x Biochar x Date

Sum Sq
85.5
4.4
10767.3
0.5
3229.7
225.2
49.7

Mean Sq
85.48
4.37
633.37
0.54
189.98
13.25
2.92

NumDF
1
1
17
1
17
17
17

DenDF
4
8
272
8
272
272
272

F value
32.24
1.65
238.91
0.20
71.66
5.00
1.10

Pr (>F)
< 0.005
0.235
< 0.001
0.664
< 0.001
< 0.001
0.350

**
***
***
***

Table A2. ANOVA table showing the effects on soil teperature during the experimental period.
The results correspond to Fig 1c.
Precipitation
Biochar
Date
Precipitation x Biochar
Precipitation x Date
Biochar x Date
Precipitation x Biochar x Date

Sum Sq
14.05
10.12
834.04
0.05
46.93
7.77
1.91

Mean Sq
14.05
10.12
75.82
0.05
4.27
0.78
0.19

NumDF
1
1
11
1
11
10
10

DenDF
151.01
151.00
151.04
151.00
151.00
151.00
151.00

F value
24.95
17.97
134.61
0.09
7.57
1.38
0.34

Pr (>F)
< 0.001
< 0.001
< 0.001
0.767
< 0.001
0.195
0.969

***
***
***
***

Table A3. ANOVA table showing the effects on CV of soil moisture. The results correspond to
Fig 1d.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
111.29
0.55
11.51

Mean Sq
111.29
0.55
11.51

NumDF
1
1
1

DenDF
4
8
8

F value
15.73
0.08
1.63

Pr (>F)
< 0.05
0.787
0.238

*

Table A4. p values obtained from the randomization test to examine the effects on mean soil
moisture. The results correspond to Fig 1e.
Precipitation
Biochar
Precipitation x Biochar

Pr (>F)
0.00 ***
0.560
0.837

Table A5. ANOVA table showing the effects on mean soil temperature. The results correspond to
Fig 1f.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
0.036
0.018
0.000

Mean Sq
0.036
0.018
0.000

NumDF
1
1
1

DenDF
193.01
193.01
193.01

F value
4.77
2.43
0.04

Pr (>F)
< 0.05 *
0.121
0.849
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Table A6. ANOVA table showing the effects on PAR. The results correspond to Fig A1.
Precipitation
Location
Precipitation x Location

Sum Sq
555
170433
106

Mean Sq
555
170433
106

NumDF
1
1
1

DenDF
32
32
32

F value
0.71
216.85
0.13

Pr (>F)
0.407
< 0.001
0.716

***

Table A7. p values obtained from the randomization test to examine the effects on plot temperature.
The results correspond to Fig A2a.
Precipitation
Biochar
Date
Precipitation x Biochar
Precipitation x Date
Biochar x Date
Precipitation x Biochar x Date

Pr (>F)
0.308
0.348
0.860
0.357
0.180
0.928
0.354

Table A8. ANOVA table showing the effects on mean plot temperature. The results correspond to
Fig A2b.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
0.0055
0.0007
0.0029

Mean Sq
0.0055
0.0007
0.0029

NumDF
1
1
1

DenDF
194.01
194.01
194.01

F value
1.50
0.20
0.80

Pr (>F)
0.223
0.653
0.373

Table A9. ANOVA table showing the effects on cumulative CO2 fluxes in the field. The results
correspond to Fig 2a.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
141.64
9.50
73.70

Mean Sq
141.64
9.50
73.70

NumDF
1
1
1

DenDF
8
8
8

F value
9.64
0.65
5.02

Pr (>F)
< 0.05
0.445
0.055

*
†

Table A10. ANOVA table showing the effects on cumulative N2O fluxes in the field. The results
correspond to Fig 2b.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
0.40
9.95
3.37

Mean Sq
0.40
9.95
3.37

NumDF
1
1
1

DenDF
4
8
8

F value
0.27
6.54
2.22

Pr (>F)
0.633
< 0.05 *
0.175

Table A11. ANOVA table showing the effects on cumulative CH4 fluxes in the field. The results
correspond to Fig 2c.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
5358
113602
15610

Mean Sq
5358
113602
15610

NumDF
1
1
1

DenDF
4
8
8

F value
0.12
2.60
0.36

Pr (>F)
0.744
0.145
0.565
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Table A12. ANOVA table showing the effects on CO2 fluxes in the laboratory during the
experimental period. The results correspond to Fig 4a.
Precipitation
Biochar
Time
Precipitation x Biochar
Precipitation x Time
Biochar x Time
Precipitation x Biochar x Time

Sum Sq
0.009
0.229
102.961
1.215
0.463
0.242
0.319

Mean Sq
0.009
0.229
11.440
1.215
0.052
0.027
0.035

NumDF
1
1
9
1
9
9
9

DenDF
8
152
152
152
152
152
152

F value
0.12
3.30
164.46
17.46
0.74
0.39
0.51

Pr (>F)
0.734
0.071
< 0.001
< 0.001
0.672
0.940
0.867

***
***

Table A13. ANOVA table showing the effects on N2O fluxes in the laboratory during the
experimental period. The results correspond to Fig 4b.
Precipitation
Biochar
Time
Precipitation x Biochar
Precipitation x Time
Biochar x Time
Precipitation x Biochar x Time

Sum Sq
0.006
0.049
20.841
0.437
1.024
0.810
1.210

Mean Sq
0.006
0.049
20.841
0.437
1.024
0.810
1.210

NumDF
1
1
9
1
9
9
9

DenDF
8
8
144
8
144
144
144

F value
0.04
0.38
17.88
3.38
0.88
0.69
1.04

Pr (>F)
0.842
0.556
< 0.001
0.104
0.546
0.713
0.413

***

Table A14. ANOVA table showing the effects on CH4 fluxes in the laboratory during the
experimental period. The results correspond to Fig 4c.
Precipitation
Biochar
Time
Precipitation x Biochar
Precipitation x Time
Biochar x Time
Precipitation x Biochar x Time

Sum Sq
0.0029
0.0013
0.3077
0.0004
0.1002
0.0677
0.0317

Mean Sq
0.0029
0.0013
0.3077
0.0004
0.1002
0.0677
0.0317

NumDF
1
1
9
1
9
9
9

DenDF
160
160
160
160
160
160
160

F value
0.62
0.28
7.29
0.09
2.37
1.61
0.75

Pr (>F)
0.433
0.597
< 0.001
0.769
< 0.05
0.118
0.661

***
*

Table A15. ANOVA table showing the effects on cumulative CO2 fluxes in the laboratory. The
results correspond to Fig 4d.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
75.6
864.6
5830.7

Mean Sq
75.6
864.6
5830.7

NumDF
1
1
1

DenDF
8
8
8

F value
0.17
1.92
12.93

Pr (>F)
0.693
0.204
< 0.01 **

Table A16. ANOVA table showing the effects on cumulative N2O fluxes in the laboratory. The
results correspond to Fig 4e.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
90.46
0.33
291.20

Mean Sq
90.46
0.33
291.20

NumDF
1
1
1

DenDF
8
8
8

F value
0.548
0.002
1.765

Pr (>F)
0.480
0.966
0.221
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Table A17. ANOVA table showing the effects on cumulative CH4 fluxes in the laboratory. The
results correspond to Fig 4f.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
0.64660
0.00006
0.05884

Mean Sq
0.64660
0.00006
0.05884

NumDF
1
1
1

DenDF
16
16
16

F value
5.9952
0.0005
0.5455

Pr (>F)
< 0.05 *
0.982
0.471

Table A18. ANOVA table showing the effects on total CO2 equivalent emissions in the field. The
results correspond to Fig 5a.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
0.29
0.03
0.13

Mean Sq
0.29
0.03
0.13

NumDF
1
1
1

DenDF
8
8
8

F value
10.92
1.18
4.71

Pr (>F)
< 0.05 *
0.310
0.062 †

Table A19. ANOVA table showing the effects on total CO2 equivalent emissions in the laboratory.
The results correspond to Fig 5b.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
0.24
1.65
12.84

Mean Sq
0.24
1.65
12.84

NumDF
1
1
1

DenDF
8
8
8

F value
0.26
1.77
13.71

Pr (>F)
0.625
0.220
< 0.01 **

Table A20. ANOVA table showing the effects on soybean shoot length at the first harvest. The
results correspond to Fig 6a.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
0.0014
0.0110
0.0010

Mean Sq
0.0014
0.0110
0.0010

NumDF
1
1
1

DenDF
12
12
12

F value
1.22
9.91
0.88

Pr (>F)
0.291
< 0.01 **
0.365

Table A21. ANOVA table showing the effects on average pod dry weight at the first harvest. The
results correspond to Fig 6b.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
0.00354
0.00042
0.00006

Mean Sq
0.00354
0.00042
0.00006

NumDF
1
1
1

DenDF
12
12
12

F value
11.32
1.36
0.20

Pr (>F)
< 0.01 **
0.267
0.663

Table A22. ANOVA table showing the effects on average leaf dry weight at the first harvest. The
results correspond to Fig 6c.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
2.67 x 10-7
3.56 x 10-5
2.95 x 10-6

Mean Sq
2.67 x 10-7
3.56 x 10-5
2.95 x 10-6

NumDF
1
1
1

DenDF
8
8
8

F value
0.03
3.91
0.32

Pr (>F)
0.868
0.083
0.585

†
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Table A23. ANOVA table showing the effects on number of seeds per plant at the second harvest.
The results correspond to Fig 6d.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
0.30
4.39
0.69

Mean Sq
0.30
4.39
0.69

NumDF
1
1
1

DenDF
4
8
8

F value
1.09
16.14
2.54

Pr (>F)
0.355
< 0.005 **
0.150

Table A24. ANOVA table showing the effects on average seed dry weight at the second harvest.
The results correspond to Fig 6e.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
0.00317
0.00005
0.00032

Mean Sq
0.00317
0.00005
0.00032

NumDF
1
1
1

DenDF
4
8
8

F value
10.99
0.18
1.10

Pr (>F)
< 0.05 *
0.682
0.324

Table A25. ANOVA table showing the effects on seed weight per plant at the second harvest. The
results correspond to Fig 6f.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
0.023
0.151
0.020

Mean Sq
0.023
0.151
0.020

NumDF
1
1
1

DenDF
4
8
8

F value
2.92
19.54
2.60

Pr (>F)
0.163
< 0.005 **
0.146

Table A26. ANOVA table showing the effects on soil pH. The results correspond to Fig 7a.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
0.032
1.058
0.072

Mean Sq
0.032
1.058
0.072

NumDF
1
1
1

DenDF
12
12
12

F value
1.68
55.68
3.79

Pr (>F)
0.219
< 0.001 ***
0.075

Table A27. ANOVA table showing the effects on soil calcium concentration. The results
correspond to Fig 7b.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
0.006
0.037
0.001

Mean Sq
0.006
0.037
0.001

NumDF
1
1
1

DenDF
4
8
8

F value
1.50
9.76
0.27

Pr (>F)
0.288
< 0.05 *
0.617

Table A28. ANOVA table showing the effects on soil bulk density. The results correspond to Fig
7c.
Precipitation
Biochar
Precipitation x Biochar

Sum Sq
0.015
0.025
0.009

Mean Sq
0.015
0.025
0.009

NumDF
1
1
1

DenDF
4
8
8

F value
2.91
4.67
1.79

Pr (>F)
0.163
0.063 †
0.218

Table A29. Mean values (± SE) of soybean variables from the first harvest for each treatment. F statistics are shown for the effects of
precipitation, biochar and their interaction. N = 5. Significant and marginal effects are presented with asterisks and daggers,
respectively († 0.05 < p < 0.1; ** p < 0.01).
Ambient precipitation

Variable precipitation
Precipitation

Biochar

Precipitation ×
Biochar

Biochar

Control

Biochar

Control

Shoot length (cm)

79.48±1.74

76.84±0.66

79.23±1.03

74.56±1.03

F(1,12)=1.22, p=0.291

F(1,12)=9.91, p<0.01 **

F(1,12)=0.88, p=0.365

Number of nodes

15.22±0.14

14.92±0.27

14.80±0.23

14.74±0.45

F(1,8)=0.72, p=0.420

F(1,8)=0.65, p=0.444

F(1,8)=0.29, p=0.606

Number of leaves

91.10±1.82

88.30±5.03

83.38±1.83

83.10±5.29

F(1,8)=2.10, p=0.185

F(1,8)=0.23, p=0.641

F(1,8)=0.16, p=0.703

Number of pods

69.30±1.73

64.14±5.23

62.98±2.93

61.00±3.60

F(1,8)=0.25, p=0.252

F(1,8)=1.13, p=0.318

F(1,8)=0.23, p=0.648

Pod dry weight per plant (g)

16.77±0.55

14.79±1.49

16.73±1.05

15.69±0.91

F(1,8)=0.14, p=0.715

F(1,8)=2.48, p=0.154

F(1,8)=0.24, p=0.634

Leaf dry weight per plant (g)

7.42±0.20

7.03±0.45

6.90±0.38

6.55±0.33

F(1,8)=1.83, p=0.214

F(1,8)=1.22, p=0.302

F(1,8)=0.00, p=0.962

Stem dry weight per plant (g)

12.63±0.53

11.40±0.86

11.74±0.73

10.94±0.67

F(1,8)=0.75, p=0.411

F(1,8)=2.61, p=0.145

F(1,8)=0.12, p=0.735

Total aboveground biomass per
plant (g)

36.82±1.25

33.22±2.80

35.36±2.08

33.19±1.59

F(1,8)=0.74, p=0.744

F(1,8)=2.53, p=0.151

F(1,8)=0.15, p=0.706

Pod dry weight (g)

0.24±0.00

0.23±0.01

0.26±0.01

0.26±0.01

F(1,12)=11.32, p<0.01 **

F(1,12)=1.36, p=0.287

F(1,12)=0.20, p=0.663

Leaf dry weight (mg)

81.41±1.25

79.51±1.18

82.67±3.55

79.24±2.15

F(1,8)=0.03, p=0.868

F(1,8)=3.91, p=0.083 †

F(1,8)=0.32, p=0.585
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Table A30. Soil properties of each treatment (mean ± SE). F statistics are shown for the effects of precipitation, biochar and their
interaction. N = 5. Significant and marginal effects are presented with asterisks and daggers, respectively († 0.05 < p < 0.1; * p < 0.05,
** p < 0.01, *** p < 0.001)
Ambient precipitation

Variable precipitation
Precipitation

Biochar

Precipitation × Biochar

1.71±0.02

F(1,4)=2.91, p=0.163

F(1,8)=4.67, p=0.063 †

F(1,8)=1.79, p=0.218

2.78±0.14

2.68±0.17

F(1,8)=0.00, p=0.954

F(1,8)=0.64, p=0.447

F(1,8)=0.12, p=0.740

13.6±1.81

15.0±1.76

15.8±2.37

F(1,4)=6.97, p=0.058 †

F(1,8)=0.00, p=0.988

F(1,8)=0.87, p=0.378

112.2±7.95

102.2±12.42

106.2±5.07

108.6±8.60

F(1,12)=0.07, p=0.801

F(1,12)=1.00, p=0.338

F(1,12)=1.78, p=0.207

Mg (ppm)

331±11.00

346±18.33

369±19.46

380±25.54

F(1,4)=6.37, p=0.065 †

F(1,8)=1.81, p=0.215

F(1,8)=0.09, p=0.772

Ca (ppm)

1190±29.15

1080±53.85

1250±89.44

1160±67.82

F(1,4)=1.50, p=0.288

F(1,8)=9.76, p<0.05 *

F(1,8)=0.27, p=0.617

pH

6.88±0.13

6.30±0.07

6.68±0.09

6.34±0.09

F(1,12)=1.68, p=0.219

F(1,12)=55.68, p<0.001 ***

F(1,12)=3.79, p=0.075 †

CEC (meq/100g)

9.48±0.29

10.00±0.34

10.38±0.49

10.68±0.57

F(1,4)=2.95, p=0.161

F(1,8)=1.53, p=0.251

F(1,8)=0.16, p=0.700

K+ saturation (%)

3.04±0.24

2.60±0.23

2.62±0.14

2.60±0.11

F(1,4)=1.14, p=0.345

F(1,8)=2.35, p=0.164

F(1,8)=1.96, p=0.199

Mg2+ saturation (%)

29.04±0.64

28.84±1.04

29.60±0.61

29.60±0.88

F(1,12)=1.49, p=0.246

F(1,12)=0.03, p=0.857

F(1,12)=0.03, p=0.857

Ca2+ saturation (%)

62.80±2.09

54.02±1.54

60.00±1.97

54.26±1.18

F(1,12)=0.79, p=0.390

F(1,12)=24.02, p<0.001 ***

F(1,12)=1.09, p=0.316

H+ saturation (%)

8.53±3.53

14.50±2.51

7.72±2.54

13.54±2.12

F(1,9.9)=0.01, p=0.920

F(1,9.9)=7.57, p<0.05 *

F(1,9.9)=0.09, p=0.770

Biochar

Control

Biochar

Control

Bulk density (g cm-3)

1.56±0.04

1.59±0.06

1.59±0.04

Organic matter content (%)

2.76±0.14

2.72±0.06

P (ppm)

14.0±1.67

K (ppm)
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